To investigate whether or not adaptation to second-order motion can cause changes in perceived speed, measurements of perceived speed were obtained for two varieties of motion: (i) contrastmodulated two-dimensional static noise (second-order motion); and (ii) luminance-modulated noise (first-order motion). The test stimulus (either first-order or second-order) was presented to one side of a central fixation spot and a comparison stimulus (always first-order) was simultaneously presented on the opposite side. The observer's task was to indicate which of the two motion stimuli appeared to drift faster. The perceived speed of the test stimulus was measured with and without prior adaptation to motion on one side of the fixation spot only (that of the test stimulus). The modulation depth of the adaptation stimulus was always half that of the test stimulus and all test patterns were equated for visibility. The pattern of results for second-order motion was similar to that for first-order motion. Typically, adaptation reduced perceived speed, particularly when the adaptation speed was faster than the test speed. However, when the adaptation speed was low relative to the test speed, increases in perceived speed were found. Cross-over adaptation effects between first-order and second-order motion were also observed. Robust velocity aftereffects were found for second-order motion when the noise was dynamic or was high-pass filtered, suggesting that first-order (luminance) artifacts were not responsible for the velocity aftereffects observed. We conclude that the perceived speeds of first-order and second-order motion appear to be encoded in human vision using similar computational principles (but not necessarily utilizing the same mechanism), since the same pattern of results was found for the two varieties of motion. Copyright 0 1996 Elsevier Science Ltd First-order motion Second-order motion Adaptation Perceived speed
INTRODUCTION
First-order motion is defined by spatiotemporal translation of the luminance or colour distribution across the retinal image. In the luminance domain the mechanisms that encode first-order motion have been successfully modelled as detectors that either act as filters oriented in space-time (or spatiotemporal frequency) [e.g. Adelson & Bergen (1985) ], or measure intensity gradients over space and time [e.g. Marr & Ullman (1981) ]. Secondorder (Cavanagh & Mather, 1989) or non-Fourier motion (Chubb & Sperling, 1988) , however, is defined not by spatiotemporal variations in luminance or colour but variations in derived image parameters such as contrast, flicker rate and disparity.
In the case of stimuli that give rise to second-order motion but do not contain any systematic cues to image motion in the luminance domain [e.g. the "driftbalanced" stimuli described by Chubb & Sperling (1988) ], the responses of first-order motion detectors will be ambiguous.
Current computational models of second-order motion perception utilize similar principles to those employed in models of first-order motion processing but incorporate one or more additional processing stages that serve to expose second-order motion to conventional motion analysis. These models fall into two classes. Firstly, it has been suggested that first-order and second-order motion are detected by separate, but qualitatively similar, mechanisms operating in parallel [e.g. Chubb & Sperling (1988) ; Derrington & Badcock (1985) (Stoner & Albright, 1992) and crossadaptation effects between first-order and second-order motion patterns (Holliday & Anderson, 1994; Ledgeway, 1 Y94; Turano, 1991) suggest that the two types of motion are combined at some stage in the visual system. Wilson et al. (1992) have developed a model based upon this scheme, in which the outputs of separate first-order and second-order motion-detecting pathways are pooled to compute the resultant direction of local motion. The general processing scheme embodied within this model is consistent with the response properties of some motionsensitive cells in feline cortex (Zhou & Baker, 1993 Ledgeway and Smith (1995a) found that although the perceived speed of a contrast-modulated (CM) noise image was typically slower than that of a luminance-modulated (LM) image of the same physical speed, when the stimuli were equated for visibility their perceived speeds were identical.
They also reported that the perceived speed of second-order motion is dependent on the stimulus modulation depth in a manner analogous to that of conventional luminance gratings (Stone & Thompson, 1992; Thompson, 1982 Smith (1985) ]. For example, Smith and Edgar (1994) found, in agreement with previous studies, that the perceived speed of test gratings could be reduced by up to 60% following adaptation to gratings drifting in the same direction with similar or higher speeds. They also reported robust increases in perceived speed (up to 150%) when the adaptation speed was low, the test speed high and both gratings drifted in the same direction. Similar but more moderate effects were found when the adaptation and test stimuli had opposite directions of drift. They interpreted these results in terms of a model in which speed sensitivity emerges by comparing the levels of activity in two broadly-tuned, overlapping temporal frequency channels, one low-pass and the other bandpass. The effect of adaptation is to reduce the sensitivity of each temporal mechanism in direct proportion to its sensitivity to the adaptation stimulus.
Although the mechanisms that encode the direction of second-order motion are susceptible to adaptation, as revealed by direction-specific threshold elevation [e.g. Ledgeway & Smith (1992) ; Turano (1991) ] and biases in the perceived direction of dynamic test patterns (Ledgeway, 1994; McCarthy, 1993; Nishida et al., 1994) it is not known if post-adaptation biases in perceived speed, similar to those found for first-order motion stimuli, can be induced with second-order motion stimuli. In the present study we sought to address this issue by conducting a speed-matching experiment using a spatial two-alternative forced-choice (2AFC) task to measure the perceived speeds of second-order and first-order motion stimuli both prior to and following adaptation to motion. All possible combinations of first-order and second-order adaptation and test patterns were examined in order to compare same-adaptation and cross-adaptation effects. Perceived speed measurements were obtained for a range of adaptation and test speed combinations.
METHODS

Observers
Two observers participated in the main experiment and both had normal or corrected-to-normal acuity. Observer T.L. was one of the authors and observer S.M.C. was a paid volunteer who was unaware of the purpose of the experiment. The second author (A.T.S.) also served as an observer for a number of subsidiary (control) measurements (see Discussion).
Apparatus and stimuli
The apparatus and stimuli were essentially identical to those used in a previous study and a full description can be found in Ledgeway and Smith (1995a) . A general description of the apparatus and stimuli employed in the present paper is given below.
Two motion stimuli were presented simultaneously to horizontally adjacent parts of the observer's field of view. One motion stimulus was composed of either CM (second-order motion stimulus) or LM (first-order motion stimulus) two-dimensional static noise and was displayed on a MANITRON monochrome monitor with a refresh rate of 100 Hz and white (P4) phosphor.
The other motion stimulus, which was always a first-order sine grating, was displayed on a X-Y display (HP1332A with white P4 phosphor) at an update rate of 122 Hz. The two displays were gamma-corrected and each had a mean luminance of ca 30 cd/m". Independent control of the spatial frequencies, contrasts, drift directions and drift speeds of the two motion stimuli was possible. Each motion stimulus subtended an angle of 6 x 6 deg and was viewed binocularly at a distance of 0.67 m. A small fixation spot was located at the centre of the observer's field of view, between the two images.
The first-order motion stimuli contained two-dimensional static noise in order to control for any possible confounding effects of the noise present in the secondorder images on their perceived speeds. The motion SHORT COMMUNICATION 217 stimuli were generated in real-time using the following techniques. Two-dimensional static noise was produced by randomly assigning elements (groups of image pixels) to be either "black" or "white" with probability 0.5. The size of the static noise elements was 6 x 6 arc min and the mean Michelson contrast of the noise was 0.5. LM noise was produced by the addition of a vertically oriented sine grating of spatial frequency 1 c/deg with noise. This resulted in an image in which the luminance of the noise was spatially modulated in the horizontal dimension. The luminance modulation could be made to drift at any desired speed, either leftwards or rightwards, by displacing the sinusoid prior to addition with the noise, which remained stationary. CM noise was produced in a similar manner with the exception that the static noise was multiplied by, rather than summed with, the drifting 1 c/deg sinusoid. For the purposes of multiplication the sinusoid was unsigned (range 0 to +1) and the noise was signed (range -1 to +l).
For the second-order motion stimuli the amplitude of the sinusoidal modulation in noise contrast (contrast modulation depth) could be varied in the range 0.0-1.0 defined as:
where C,,, and Cmin are the maximum and minimum local contrasts, respectively, in the image. In a similar manner the amplitude of the modulation in noise luminance for the first-order motion stimuli (luminance modulation depth or contrast) could be varied in the range 0.0-0.5 defined as:
where L,,, and Lmin are the maximum and minimum luminances, respectively, in the image averaged over adjacent pairs of noise elements of opposite polarity.
Procedure
To measure the effects of adaptation on perceived speed, a method similar to that used in previous studies [e.g. Smith & Edgar (1994) ; Thompson (1981) ] was employed.
This involved presenting an adaptation stimulus (either LM noise, CM noise or, in control conditions, an unmodulated noise field) in one half of the observer's visual field only: either to the left or right of the fixation spot. Following adaptation, speed matches were measured by means of a 2AFC procedure involving the simultaneous presentation of a test motion stimulus (either LM or CM noise) and a comparison motion stimulus (always LM noise) to different parts of the observer's field of view. The test motion stimulus was *The modulation depths of the test stimuli drifting at 2.5 or 15 deg/sec were the same (1.0) when they were presented at the same multiple of threshold because in line with previous studies that have used similar stimuli [see Ledgeway & Smith (1995a) Fig. 31 always presented in the same half of the visual field as the adaptation stimulus and the comparison motion stimulus was presented in the other (unadapted) half of the visual field. As aftereffects are confined to the region of the visual field where adaptation occurs, this arrangement made it possible to assess the effect of adaptation by comparison with a motion stimulus that was unaffected by adaptation.
The adaptation and test motion stimuli always had the same direction of drift (either rightward or leftward) but the test and comparison motion stimuli always drifted in opposite directions towards the fixation spot in order to facilitate fixation.
All possible combinations of first-order and secondorder motion adaptation and test patterns were examined in order to compare same-adaptation and cross-adaptation effects on perceived speed. The suprathreshold visibilities of the first-order and second-order motion stimuli were equated approximately by presenting them at the same multiple of their individual directionidentification thresholds.
The modulation depth of the second-order motion test stimulus (the stimulus to which the observers were least sensitive) was fixed at 1.0" and the modulation depths of the first-order test and comparison stimuli were scaled (0.4 for T.L. and 0.52 for S.M.C.) so that they were presented at the same multiple (ca 30) of threshold.
In line with previous studies [e.g. Thompson (1981) ; Smith & Edgar (1994) ] the modulation depths of the adaptation stimuli were always half those of the test stimuli (in terms of multiples of threshold), in order to avoid reduction of the perceived modulation depth of the test stimulus which might in itself cause a reduction in perceived speed.
At the beginning of each run of 30 trials, the adaptation stimulus was presented for 1 min. This was followed by a brief inter-stimulus-interval during which an homogeneous blank field (luminance 30 cd/m2) was presented for 0.5 set and then the test and comparison motion stimuli were presented simultaneously for 1 sec. This was immediately followed by a homogeneous blank field and a tone to indicate to the observer that a response was required. The observer's task was to indicate, using one of two response buttons, which of the two motion stimuli presented during the test phase appeared to be drifting faster. Adaptation was then "topped-up" for 5 set, before the test and comparison motion stimuli were presented again, and so on.
Six drift speeds were used for the adaptation motion stimuli (1.25, 2.5, 5.0, 10.0, 15.0 and 20.0deg/sec) and the test stimuli had one of two drift speeds (either 2.5 or 15.0 deg/sec). Within any one run of trials the drift speeds of the adaptation and test motion stimuli were constant but the drift speed of the first-order motion comparison stimulus on each trial was determined by a PEST routine (Taylor & Creelman, 1967 ) which tracked the 50% performance level (i.e. the drift speed at which the perceived speeds of the test and comparison motion stimuli were equal). For half of the runs of trials, the adaptation and test stimuli were presented to the left of the comparison stimulus and for the remaining runs the 
Adaptation drift speed (degkec) FIGURE 1. Post-adaptation changes in perceived speed for two observers for first-order and second-order motion test stimuli drifting at 2.5 degisec. The first-order motion stimuli were composed of LM two-dimensional static noise and the second-order motion stimuli were composed of CM noise. The adaptation and test stimuli had the same direction of drift. Same-adaptation conditions (i.e. when the adaptation and test stimuli were both composed of either LM noise or CM noise) are indicated by either LM-LM or CM-CM and data points are represented by the filled squares and circles, respectively. positions were reversed. Thus, any hemifield differences In order to obtain baseline (control) measurements of in perceived speed (Smith & Hammond, 1986) were perceived speed in the absence of adaptation to motion, counterbalanced.
Observer T.L. completed four runs of the perceived speeds of the test stimuli following trials for each adaptation and test condition and observer adaptation to an unmodulated static two-dimensional S.M.C. completed at least two runs of trials for each noise field were also measured for each observer. We condition.
considered that an unmodulated static noise field, rathe than an homogeneous blank field, was the appropriate stimulus to use for the control condition in order to disambiguate any effects of the presence of noise in the adaptation motion stimuli on the perceived speeds of the test stimuli. The size and mean contrast of the elements comprising the unmodulated noise field were identical to those present in the first-and second-order motion stimuli.
RESULTS
From the resulting data obtained for each condition the speed match was taken as the mean drift speed of the firstorder comparison stimulus calculated over the last three trials presented. This particular metric was chosen as the speed match because it was found empirically that it exhibited less variance between runs of trials than estimates derived using alternative techniques [e.g. Weibull (1951) fits]. All results are expressed in terms of the ratio of perceived speed after adaptation to motion to perceived speed after adaptation to static unmodulated noise (see above). Thus, a value of 1 indicates no effect of adaptation to motion on perceived speed, higher values indicate an increase in perceived speed and lower values a decrease. Figures 1 and 2 show the data for the two observers expressed in this way as a function of both the adaptation speed and the modulation characteristics of the adaptation and test stimuli (e.g. LM noise and CM noise).
Post-adaptation speed matches obtained for test stimuli drifting at 2.5 deglsec
It is apparent from Fig. 1 that for most combinations of adaptation and test stimuli the net result of adaptation to motion is a reduction in the perceived speed of the test stimulus. When the speed of the adaptation stimulus was greater than or equal to that of the test stimulus, adaptation to motion resulted in a reduction in perceived speed of ca 38% for both observers averaged over all four conditions. This is in close agreement with previous studies that have investigated changes in the perceived speed of first-order (luminance-defined) stimuli using similar methods to the present experiment [e.g. Smith & Edgar (1994) ; Thompson (1981) ]. This phenomenon appears to occur not only for second-order motion adaptation and test stimuli but also for all four combinations of same-and cross-adaptation conditions examined, which exhibit similar patterns of results across the different adaptation speeds. Although some variability in the absolute magnitude of the effects obtained for these conditions is evident, this may be due in part to difficulties in equating the first-order and second-order motion stimuli precisely for suprathreshold visibility. It is also apparent from Fig. 1 that when the adaptation speed was lower (1.25 deg/sec) than the test speed (2.5 deg/sec) changes in perceived speed were generally much smaller than those obtained for the higher adaptation speeds or in some cases absent, in line with previous studies.
Post-adaptation speed matches obtained for test stimuli drifting at 15.0 degjsec
The speed-matching data (Fig. 2 ) exhibit greater variability both between observers and between the different combinations of adaptation and test stimuli than those for the 2.5 deg,isec test speed conditions. When the speed of the adaptation stimulus was greater than or equal to that of the first-order or second-order motion test stimulus (15.0 deg/sec) the perceived speed of the latter was, if anything, reduced as a result of adaptation. The average reduction in perceived test speed across the same-and cross-adaptation conditions was 10% for observer T.L. and 18% for observer S.M.C. There were also systematic increases in perceived speed when the adaptation drift speed was less than the test drift speed. Adaptation to stimuli drifting at speeds ~15.0 deg/sec produced a mean increase in perceived speed of 50% for observer T.L. and 32% for observer S.M.C. If anything, somewhat greater increases in perceived speed were found when the test stimulus was composed of CM noise rather than LM noise (irrespective of the nature of the adaptation stimulus). However, further experimentation would be required to establish the reliability of this finding. At present it is sufficient to conclude that secondorder motion stimuli show qualitatively similar changes in perceived speed following adaptation to those found for first-order motion stimuli. When the adaptation speed is similar to or greater than the test speed, reductions in perceived speed occur following adaptation to motion, and when the adaptation speed is less than the test speed, increases in perceived speed occur. This basic pattern of results was found across all four same-and crossadaptation conditions examined and suggests that the visual system may utilize the same computational strategy in order to derive estimates of the speed of the two types of motion.
DISCUSSION
The results of the present study are important for several reasons. Firstly, they demonstrate that adaptation to second-order motion not only produces biases in the perceived direction of subsequently viewed second-order motion stimuli [e.g. Ledgeway (1994); McCarthy (1993) ] but can also bias their perceived speeds. Secondly, the results clearly demonstrate that same-and cross-adaptation velocity aftereffects are possible with first-order and second-order motion stimuli and that when all motion stimuli are equated for visibility, adaptation can produce remarkably similar changes in perceived speed (in terms of both their magnitude and direction). Thirdly, the similar patterns of results found for the first-order and second-order motion stimuli suggest that in human vision the coding of the speeds of first-order motion and secondorder motion are likely to be achieved by either the same mechanism or separate mechanisms that employ similar computational principles. This suggestion gains additional support from the findings of two recent studies which have demonstrated that the perceived speeds of the two varieties of motion show a similar partial dependence on stimulus modulation depth [e.g. Johnston & Clifford (1995) ; Ledgeway & Smith (1995a) ]. In terms of current computational models of motion processing the similarities found in the present experiment between the processing of first-order and second-order motion are consistent with both models which propose that the two types of motion are processed by a single pathway in the visual system [e.g. Johnston et al. (1992) ] and models which suggest that first-order and second-order motion signals are initially detected separately and then pooled at a later processing stage in order to extract the resultant image direction and speed [e.g. Wilson et al. (1992) ]. We favour the latter interpretation because the balance of current psychophysical and physiological evidence (see Introduction) supports the existence of separate motiondetecting mechanisms for each type of motion. An important point to be considered concerns the degree to which the present results reflect adaptation to second-order motion per se rather than adaptation to firstorder (luminance) motion artifacts that could, in principle, arise in second-order motion stimuli [for a detailed analysis see Smith & Ledgeway (1995 , 1996 when the carrier contrast is high, early non-linearities in two-dimensional noise patterns similar to those used in the visual system may create global first-order compothe present experiment and found that thresholds were nents (distortion products) at the same spatiotemporal little affected by increasing the carrier contrast and did scale as the contrast-modulation and that these may be not vary in inverse proportion to the noise contrast, as utilized to extract motion. However, Smith and Ledgewould be predicted if performance was based upon way (1995, 1996) measured direction thresholds for CM distortion products. Therefore, we feel it is unlikely that distortion products, if indeed present, were responsible noise elements of the same polarity in the carrier. for the substantial post-adaptation changes in perceived Clusters of "light" or "dark" noise elements could speed observed in the present experiment.
introduce prominent low spatial frequencies in the carrier Another type of artifact that may arise in CM noise and give rise to consistent local first-order motion signals patterns and potentially contaminate measures of second-(in the same direction as the contrast modulation) even order motion perception results from local clustering of though the image is globally drift-balanced (Chubb & Sperling, 1988) . This may be especially problematic for static broadband noise carriers that are composed of relatively large noise elements. There is some evidence that local artifacts may mediate psychophysical performance for CM static noise, at least at threshold. For example, Smith and Ledgeway (1995, 1996) found that orientation and direction thresholds were similar for second-order motion stimuli containing static noise (particularly when composed of large noise elements), as they are for first-order motion. However, direction thresholds were consistently higher than orientation thresholds when the stimuli contained dynamic noise, or high-pass spatial frequency filtered noise (two manipulations which eliminate consistent local Iirstorder artifacts) rather than static broadband noise. These results suggest that the mechanism that encodes secondorder motion cannot specify direction at the threshold for detecting orientation and that local artifacts may mediate detection for patterns composed of static broadband noise. If such artifacts were indeed present in our secondorder motion stimuli then it remains a possibility that the velocity aftereffects observed in the present experiment were due entirely to adaptation to local first-order motion artifacts.
An additional possibility is that the changes in perceived speed were due entirely to adaptation to the first-order motion energy that is present in all secondorder motion stimuli. It is not the case that second-order motion stimuli contain no motion energy, only that motion energy is equal in opposite directions. Although some models include subtraction of opposite motion signals at an early stage, which would eliminate motion energy in our images, it is not certain that this occurs in the visual system. It is therefore conceivable that velocity aftereffects could occur as a result of adaptation to motion energy even when the image is drift-balanced. If this were the case then these aftereffects should not exhibit direction-specificity.
We obtained control data to investigate whether or not either local first-order motion artifacts or direction-nonspecific adaptation was responsible for the velocity aftereffects found in the present experiment by measuring post-adaptation changes in perceived speed using an identical procedure, and similar stimuli, to those described previously (see Methods) with the following exceptions:
1. The noise element size was made as small as possible (1.5 x 1.5 arc min); 2. The carrier was composed of either dynamic noise or high-pass spatial frequency filtered noise, rather than static broadband noise, to minimize the probability of consistent groupings of noise elements with the same polarity; and 3. The effects of adaptation to motion in both the same and opposite directions to the test stimulus were investigated in order to establish whether changes in the perceived speeds of second-order motion stimuli following adaptation are direction-specific.
